In this paper, the numerical simulation of flows in Lake Biwa with real configuration is presented in order to predict the large circulating currents. The effects of flow rate of inflow rivers and thermal convection on the large circulating currents are investigated. The observational flow rate and temperature data of inflow rivers are considered. First, the simulation of 2D epilimnion model is carried out, so that the results show that the large circulating currents are sensitive to the flow rate of inflow rivers. Next, the 3D flows with real configuration are simulated. The numerical results without thermal effect show that the precise large circulating currents are formed in summer, but the large circulating currents develop until winter. Finally, the 3D simulation with thermal convection is carried out. As a result, the horizontal circulating currents become larger than the simulation without thermal effect in summer, and the vertical circulating currents are formed in winter. Therefore, the present numerical simulation with thermal convection can reproduce the actual circulating currents in Lake Biwa qualitatively.
Introduction
Today, the global warming becomes the great problem in the world. The IPCC report (1) has pointed out that the temperature rise for 20 years will be anticipated with 0.2 degree per 10 years. The global warming will cause not only the unusual weather, but also the extinction of the species. Lake Biwa which is one of the oldest lakes in the world, can not escape the effect of the global warming. In Lake Biwa, the water temperature of the epilimnion reaches 26-28 degrees in summer, but the water temperature in the hypolimnion which exceeds 100m water depth is kept to 6-8 degrees during one year. Then, the remarkable temperature stratification is formed in summer. This temperature stratification reversely disappears in winter, so that the vertical circulating current is generated by the settlement of the water along lake bed. This vertical circulating current plays the important role for supplying with the oxygen in the whole lake. However, in recent years, the dissolved oxygen concentration in the deepest part of the north lake becomes lower, and the recover of dissolved oxygen concentration is not sufficient in vertical circulations. The resulting appearance of the hypoxia water will cause the negative effect for the ecosystem of Lake Biwa. Then, it is very important to predict precisely the large circulating currents in Lake Biwa.
In Lake Biwa, the horizontal circulating currents which change in annual cycle are formed in epilimnion. The observation (2) , experiment (3) , and numerical analysis (4) , (5) reported that the large counterclockwise circulating current is dominant in summer and the clockwise circulating currents in which position and scale change with the time are formed in winter. Two theories have been proposed as a cause of circulating current in Lake Biwa. One is the windy circulating theory (6) and another is the thermal circulating theory (7) . However, these hypotheses have not explained clearly the actual circulating current field.
In this paper, we simulate the large circulating currents in Lake Biwa with real configuration under an assumption that the small eddy does not affect the formation of the large scale circulating current. And the effect of wind on the circulating current is not considered. The observational data on flow rate and temperature of inflow rivers in 2006 (8) are considered. First, the simulation of 2D epilimnion model is executed. Next, the 3D flow without thermal effect is simulated. Finally, the 3D simulation with thermal effect is carried out. The effects of flow rate of inflow river, the lake configuration and the thermal convection on the large circulating currents are discussed.
Computational Techniques

Governing equations
The incompressible flow with buoyancy is governed by the continuity equation, the incompressible Navier-Stokes equations with the Boussinesq approximation, and the energy equation written in nondimensional form as, , x
where u i , p, and θ denote the velocity component, the pressure, and the temperature, respectively. The last term in Eq.(2), F i =(0,Grθ /Re 2 ,0) T , denotes the buoyancy term. Pr
) is the Grashof number. Also, the Rayleigh number is defined by Ra=Pr Gr. The physical quantities are nondimensionalized by
where the overbar denotes the dimensional quantities and U 0 , L 0 , ρ 0 , T 0 , ∆T 0 , ν, α, g, and β T are the reference velocity, the reference length, the reference density, the reference temperature, the reference temperature difference, the kinematic viscosity, the thermal diffusivity, the gravitational acceleration, and the coefficient of volumetric thermal expansion, respectively.
Computational techniques
The incompressible Navier-Stokes equations (2) and the energy equation (3) are solved by the second order finite difference method on the collocated grid arrangement. The convective terms are discretized by the second order fully conservative finite difference method (9) . The diffusion and pressure terms are discretized by the usual second order
centered finite difference method. For the time integration, the fractional step approach (10) based on the forward Euler scheme is applied. In this paper, we assume that the small eddy does not affect the formation of the large scale circulating flow. Then, the filter function which is usually used for preventing the generation of wiggle, is operated to the computational velocity. By using the discrete Gaussian filter (11) , the filtered velocity i ũ can be written by
where γ m is the coefficient and ∆ denotes the grid spacing. The derivative terms, e.g., u i (2) and u i (4) , are discretized by the second order centered finite difference approximation. In the multi-dimensional cases, the one-dimensional discrete filter is sequentially operated in each direction. For example, in 2D case, the filtered velocity can be computed by 
2D Simulation of Epilimnion Model
Computational conditions
The computational domain is shown in Fig.1 and Table 1 denotes the fundamental data of Lake Biwa. In practice, the inflow rivers to Lake Biwa are about 460. But, in this work, 6 inflow rivers with the large flow rates, i.e., Adogawa, Ishidagawa, Anegawa, Echigawa, The initial flow field is generated by computing gradually from low Reynolds number up to the specified Reynolds number. On the shores of lake and islands, the non-slip velocity condition and the pressure derivative obtained by the normal momentum equation are imposed. On the inflow boundary, the velocity is fixed by the uniform velocity shown in Table 2 and Fig.2 and the pressure is extrapolated from the inner points. On the outflow boundary, the velocity is extrapolated from the inner points and the pressure is specified by the Sommerfeld radiation condition (12) . The total number of grid points is about 200
thousands. The grid resolution is 1/40 in east-west direction and 1/20 in north-south direction, respectively. In this section, the thermal effect is not considered, so that the governing equations are Eqs. (1) and (2) without the buoyancy term. 
. Figure 3 shows the velocity vectors and vorticity
Computational results
every month. In the vorticity contours, the red and blue colors denote the counterclockwise and clockwise rotations, respectively. In April, two circulating currents with counterclockwise and clockwise rotations from Anegawa River are formed. The counterclockwise current named the first circulating current stays on the line of Adogawa and Hikone. Also, the second clockwise circulating current appears on the line of Adogawa and Okishima. From Fig.2 , Adogawa River has the maximum flow rate and Anegawa River has larger flow rate in April. As the flow rate of Anegawa River becomes small, the first and second circulating currents move and the first circulating current becomes bigger in July. In September in which the flow rates of inflow 6 rivers are almost the same, many circulating currents are formed. The second circulating current is dominant and the first circulating current is formed in Adogawa River mouth open lake in October, because the flow rate of Adogawa River becomes largest. On the contrary, in December in which the flow rate of Anegawa River becomes largest, the second circulating current develops and the first circulating current moves to shore of lake. The circulating currents in January are almost the same as ones in April. These results show that the formation of circulating currents is very sensitive to the flow rates of Adogawa River and Anegawa River. Figure 4 shows the typical circulating current field which is the schematic sketch in summer and winter. In practice, the first circulating current which is stable and counterclockwise is formed on the line of Adogawa and Hikone, and the clockwise second circulating current is developed on the line of Adogawa and Okishima in summer. In winter, the clockwise circulating currents in which position and scale change with the time are formed (13) . In 2006, the counterclockwise circulating current is often observed in winter. In comparison of the numerical results with the actual phenomena, the result in summer is in good agreement with each other. However, in winter the numerical result gives the larger circulating currents than the actual observation. 
3D Simulation with Real Configuration
Computational conditions
In this section, the simulation of 3D model with real configuration is carried out. The results are displayed by expanding 100 times in the depth, because the averaged depth in Lake Biwa is about 40m which is 1/1000 of the longitudinal length. The computational domain generated by the real GPS information is shown in Fig.5 . In order to ensure the high computational efficiency, the computational domain is divided into the north and south lakes. In the north lake, the grid resolution is 1/20 in east-west direction, 1/20 in north-south direction and 1/3500 in depth. In the south lake, the grid resolution is 1/10 in east-west direction, 1/10 in north-south direction and 1/500 in depth. The number of grid points is about 0.6 millions.
The reference temperature, T 0 , is the maximum temperature of 6 inflow rivers observed in 2006 (T 0 =303.4K). The reference temperature difference, ∆T 0 , is the difference of maximum and minimum observational temperatures in 2006 (∆T 0 =24.8K). The water temperature distribution by change of the water depth is formed in Lake Biwa. In the hypolimnion, the water temperature is fixedly kept during one year. As the result, the temperature difference between epilimnion and hypolimnion becomes larger in summer. Then, in order to consider the temperature dependence of the Prandtl number, the Prandtl number is approximated by the quadratic function on the temperature as . The initial flow field is given by the extension of 2D epilimnion velocity to 3D configuration with the non-slip condition on the lake bed. On the lake bed boundary, the non-slip condition for velocity is imposed and the temperature is fixed by the function which satisfies the lowest temperature at the deepest lake bed and the measured temperature at the water surface. On the inflow boundary, the velocity is set as the Poiseuille flow which satisfies the measured flow rate and the temperature is fixed by the measured value shown in Fig.6 . The temperature is given by the extrapolation from inner points on the outflow boundary. On the water surface, the slip condition for the velocity, the Neumann condition which satisfies the normal momentum equation for the pressure, and the averaged observational value of inflow rivers for the temperature are imposed. Other boundary conditions are the same as the 2D simulation.
Effect of 3D configuration
First, the simulation without thermal effect is carried out in order to investigate the effect of 3D configuration. The continuity equation and the momentum equations without the buoyancy term are solved. drawn by penetrating from right over.
In summer, the large first circulating current with counterclockwise rotation is formed on the line of Adogawa and Hikone. Also, the second clockwise circulating current is Vol. 4, No. 2, 2009 generated on the line of Adogawa and Okishima. The vertical circulating current is not observed from the velocity vectors on the north-south and east-west planes. The stream lines show that the first circulating current is remarkable on the epilimnion and this gyre outflows after settling in the lake bed. In comparison with 2D result, the first circulating current is more distinguished and the clockwise circulating current from Anegawa River is not formed in 3D result. These circulating currents reproduce well the actual observation.
In winter, the first and second circulating currents develop much more than in summer. In the stream lines, it is confirmed that the flows from Anegawa and Ishidagawa rivers gyre to the lake bed and outflow to the south lake. The remarkable vertical current can not be observed as well as in summer. The actual measured circulating currents move and change with small scale. However, the predicted circulating currents keep the position and scale. It seems that the difference in winter arises from disregarding the thermal effect.
Effect of thermal convection
In this section, the effect of thermal convection is investigated, so that the continuity equation, the momentum equations with the buoyancy term, and the energy equation are solved. Figures 11-14 show the typical flow fields in summer (August) and winter (January). The stream lines, the vorticity ω x contours, the vorticity ω y contours, the velocity vectors and w contours on the north-south and east-west planes, the temperature contours, and the vertical temperature distribution at the deepest location are displayed in Figs.11(a)-(f) and 13(a)-(f). Figures 12 and 14 show the velocity vectors within each water depth, i.e., 0-10m, 10-20m, 20-30m, and below 30m water depth.
In summer, the temperature stratification is formed clearly from Figs.11(e) and (f). The first and second circulating currents can be observed as well as the previous 3D simulation. From the stream lines, the first circulating current gyres on the epilimnion only and outflows to the south lake. This circulating current on the epilimnion induces another circulating one in the deep part of lake. The induced circulating current gyres only in this deep part and does not outflow to the south lake. This behavior of circulating current can reproduce the actual observation very well. Also, the weak vertical circulating flow is confirmed Ishidagawa River mouth open lake in Fig.11(d) .
In winter, the temperature distribution shows that the temperature stratification formed in summer disappears. The clear horizontal circulating currents are not observed on the epilimnion, but the circulating current is formed in 10-30m water depth. The large vertical circulating currents are generated, so that the flow becomes more complicated in comparison with the result in summer. Then, it can be confirmed that the whole circulation in the north lake is generated in winter. Actually, the whole circulation in 2006 is observed in March. In this work, the temperature on the lake bed is fixed by the measured value in the present month. Because the temperature response is not considered, the whole circulation is generated earlier than the actual observation. However, these results show that the large circulating currents in Lake Biwa can be predicted more precisely by considering the thermal convection.
Concluding Remarks
In this paper, the large circulating currents in Lake Biwa with real configuration are simulated. The observational flow rate and temperature data of inflow rivers in 2006 are considered. In 2D epilimnion simulation, the large circulating currents are very sensitive to the flow rate of inflow rivers. In the 3D flows with real configuration, the numerical results without thermal convection show that the precise large circulating currents are formed in summer, but the large circulating currents develop until winter. In the 3D simulation with thermal convection, the temperature stratification can be observed in summer. As a result, the horizontal circulating currents become larger than the simulation without thermal effect in summer, and the vertical circulating currents are formed in winter. The present numerical simulation with thermal convection can reproduce the actual circulating currents in Lake Biwa qualitatively. Then, the present approach is very promising for predicting the large circulating currents.
